Introduction {#nph15646-sec-0001}
============

In the soil, plants share their habitat with microorganisms (Jacoby *et al*., [2017](#nph15646-bib-0024){ref-type="ref"}) and both compete for the same nutrient resources. Nevertheless, microbial activity and plant productivity often strongly depend on each other, especially in nutrient‐poor ecosystems (Hodge *et al*., [2000](#nph15646-bib-0023){ref-type="ref"}). Quite frequently, plants engage in symbiotic interactions with microorganisms to improve nutrient uptake. More than 80% of land plants form associations with arbuscular mycorrhizal (AM) fungi, in which they greatly benefit from nutrients provided by the fungi, in particular phosphate and nitrogen (N). In return, plants provide the fungi with organic carbon (C) in the form of carbohydrates and fatty acids (Finlay, [2008](#nph15646-bib-0016){ref-type="ref"}; Smith & Read, [2008](#nph15646-bib-0046){ref-type="ref"}; Bravo *et al*., [2017](#nph15646-bib-0005){ref-type="ref"}; Jiang *et al*., [2017](#nph15646-bib-0025){ref-type="ref"}; Keymer *et al*., [2017](#nph15646-bib-0027){ref-type="ref"}; Kim *et al*., [2017](#nph15646-bib-0029){ref-type="ref"}; Luginbuehl *et al*., [2017](#nph15646-bib-0033){ref-type="ref"}). Despite substantial progress over recent years in the understanding of this bidirectional nutrient exchange (reviewed, for instance, in Lanfranco *et al*., [2016](#nph15646-bib-0030){ref-type="ref"}; MacLean *et al*., [2017](#nph15646-bib-0034){ref-type="ref"}; Roth & Paszkowski, [2017](#nph15646-bib-0040){ref-type="ref"}; Wang *et al*., [2017](#nph15646-bib-0048){ref-type="ref"}; Chen *et al*., [2018](#nph15646-bib-0008){ref-type="ref"}), several of its aspects still remain poorly understood.

Considering that each exchanged nutrient molecule needs to cross both the plant and the fungal plasma membrane, it might be hypothesized that the nutrient trade strongly depends on the dynamics of the two‐membrane system of the plant--fungus contact zone. Apart from concentration gradients, such a dynamic is governed by the electrical force, the strongest known force outside the subatomic world. Indeed, several nutrients are charged *per se* (e.g. H~2~PO~4~ ^−^, NO~3~ ^−^, NH~4~ ^+^, K^+^) or, if they are electrically neutral (e.g. sugars), they are often transported together with protons (H^+^).

One previous study has approached the nutrient exchange in AM symbiosis from the perspective of membrane biophysics (Schott *et al*., [2016](#nph15646-bib-0043){ref-type="ref"}). A minimal transporter network was simulated in computational cell biology experiments, considering only those transporters that were experimentally shown at that time to be expressed during arbuscule formation: proton‐coupled phosphate and sugar transporters (H/P and H/C symporters) and an H^+^‐ATPase‐driven background conductance in both the plant and fungal membranes (Fig. [1](#nph15646-fig-0001){ref-type="fig"}). Despite its simplicity, this minimal model could explain many characteristics of the nutrient trade between the plant and fungus. For instance, it could explain -- mechanistically -- the microscopic exchange (i.e. transfer across the two membranes) of phosphate and sugar sources, which, in turn, also explained the macroscopic observation (i.e. at the organism level) of reciprocal rewards between the plant and fungus, when providing more sugar and more phosphate, respectively. In combination with basic microeconomic principles, it could furthermore explain the macroscopic observation that fertilization with mineral phosphate is detrimental for the stability of AM symbiosis. In this case, the plant roots acquire more phosphate directly from the soil and the phosphate provided by the fungus is of lesser value. Under these circumstances, the transporter network at the plant--fungus interface adjusts its parameters in a manner that cuts the fungus off from C provision.

![A minimal transporter network for phosphate/sugar nutrient exchange in arbuscular mycorrhizal (AM) symbiosis modified from Schott *et al*. ([2016](#nph15646-bib-0043){ref-type="ref"}). In the minimal model, both plant and fungal plasma membranes contain proton‐coupled phosphate transporters (H/P), proton‐coupled sugar transporters (H/C) and H^+^‐ATPase‐driven background conductances. The small black arrows indicate possible transport directions of the transporters depending on the prevailing electrochemical gradients. The large coloured arrows indicate fluxes in AM symbiosis. The '+' indicates that transport of the nutrient is accompanied by the transport of a positive charge across the membrane.](NPH-222-1043-g001){#nph15646-fig-0001}

Regardless of its predictive power, it is, however, not unequivocally clear whether the minimal model truly reflects the real situation or whether the accordance between computational simulations and experiments is just a coincidence and alternative scenarios are employed in AM symbiosis. It is still uncertain whether our knowledge on the transporter types involved in the nutrient exchange is complete. Phosphorus (P) and C sources, for instance, might be transported, not through proton‐coupled symporters alone, but also by diffusion facilitators; P could be transported via phosphate‐permeable anion channels (Dreyer *et al*., [2012](#nph15646-bib-0012){ref-type="ref"}) and C could be transported in neutral form as a sugar through sugar channels of the SWEET type (Sugar Will Eventually be Exported Transporter; Chen *et al*., [2010](#nph15646-bib-0009){ref-type="ref"}) or as organic acids through channels of the ALMT type (ALuminium activated Malate Transporter; Sharma *et al*., [2016](#nph15646-bib-0044){ref-type="ref"}). In this study, we tackled this issue by evaluating, in an unbiased manner, the thermodynamic features of general transporter network models for their use in nutrient exchange in AM symbiosis. While the model of Schott *et al*. ([2016](#nph15646-bib-0043){ref-type="ref"}) was limited to prior knowledge on the transporters involved in AM symbiosis, we here consider all possible transporter types, even though they are only hypothetical, and assess whether they are suitable for the nutrient trade. The computational cell biology experiments covered all different possibilities of alternative and/or enlarged models for C, P and N exchange in '*what‐if*' scenarios, and allowed an evaluation of their performance using the minimal model (Fig. [1](#nph15646-fig-0001){ref-type="fig"}) as a benchmark. As a result, we obtained a comprehensive view on the dynamics of nutrient exchange in AM symbiosis that rests on the grounds of first principle thermodynamics.

Notably, our predictions for an optimal transporter network coincide with the transporter set confirmed independently in wet‐laboratory experiments by others, indicating that the already discovered transporters are sufficient for optimal performance and suggesting that our knowledge of the fundamental transporter types involved in nutrient exchange in AM symbiosis is rather complete.

Description {#nph15646-sec-0002}
===========

The modelling approach was essentially performed as described previously (Schott *et al*., [2016](#nph15646-bib-0043){ref-type="ref"}). The assessment of several fundamental features of the models is presented in Supporting Information Methods [S1](#nph15646-sup-0001){ref-type="supplementary-material"}; for an explanation of any technical detail that is not repeated here, the reader is encouraged to read the article by Schott *et al*. ([2016](#nph15646-bib-0043){ref-type="ref"}).

Following the mathematical description of all transporters, an *in silico* cellular system was programmed and computational cell biology (dry‐laboratory) experiments were performed using the [vcell modeling and analysis]{.smallcaps} platform developed by the National Resource for Cell Analysis and Modeling, University of Connecticut Health Center (Loew & Schaff, [2001](#nph15646-bib-0032){ref-type="ref"}). In all scenarios investigated in this study, the different fluxes rapidly reached system‐dependent steady‐state levels, which were independent of the starting conditions. These steady‐state fluxes between plant and fungus reflected the nutrient exchange between the two organisms.

Mathematical description of transporter activities {#nph15646-sec-0003}
--------------------------------------------------

### Background current {#nph15646-sec-0004}

The voltage dependence of the H^+^‐ATPase‐dominated background current was approximated by the sigmoidal function: $$I_{background} = I_{BG} = I_{BGmax} \cdot \frac{1 - e^{- {(V_{m} - V_{o})} \cdot \frac{F}{\mathit{RT}}}}{1 + e^{- {(V_{m} - V_{o})} \cdot \frac{F}{\mathit{RT}}}}.$$

Here, *RT*/*F* ≈ 25 mV is a factor composed of the gas constant, temperature and Faraday\'s constant, *V* ~m~ is the voltage at the respective plasma membrane, *I* ~BGmax~ is the maximal background current and *V* ~0~ is the equilibrium voltage at which *I* ~BG~ = 0. *V* ~0~ can be influenced by the activity of the H^+^‐ATPase. A larger activity increases the efflux of positive charges and drives *V* ~0~ to more negative voltages. Otherwise, *V* ~0~ can also be influenced by the activation of ion channels. If, for instance, a K^+^ channel is activated, *V* ~0~ is driven towards *E* ~K~, the Nernst‐equilibrium voltage for K^+^. The effects of changes in *V* ~0~ have been investigated previously (Schott *et al*., [2016](#nph15646-bib-0043){ref-type="ref"}).

### Proton‐coupled symporters {#nph15646-sec-0005}

The current--voltage characteristics of proton‐coupled H^+^/*X* cotransporters *I* ~*H/X*~ reverse their direction at *E* ~*H/X*~, *I* ~*H/X*~(*E* ~*H/X*~) = 0. *E* ~*H/X*~ depends on the concentrations of protons and the cotransported molecule *X* at both sides of the membrane: $$E_{H/X} = \frac{\mathit{RT}}{F} \cdot \frac{n_{X} \cdot \log_{e}\frac{{\lbrack H\rbrack}_{apo}}{{\lbrack H\rbrack}_{cyt}} + \log_{e}\frac{{\lbrack X\rbrack}_{apo}}{{\lbrack X\rbrack}_{cyt}}}{n_{X} + z_{X}}.$$

\[*H*\]~apo~, \[*H*\]~cyt~, \[*X*\]~apo~ and \[*X*\]~cyt~ are the concentrations of protons and the substrate *X* in the apoplast and in the cytosol, respectively. *z* ~*x*~ is the valence of the ion/metabolite *X*,*z* ~*x*~ = 0 in the case of sugar or other neutral substrates, *z* ~*x*~ = −1 in the case of dihydrogen phosphate (H~2~PO~4~ ^−^) and nitrate (NO~3~ ^−^); *n* ~*x*~ is the number of protons transported per particle *X*. Without affecting the results qualitatively, the current--voltage dependence of H^+^/*X* cotransporters can be approximated by a linear function (Dreyer, [2017](#nph15646-bib-0011){ref-type="ref"}) according to the first‐order Taylor approximation: $$I_{H/X} = G_{H/X} \cdot {(V_{m} - E_{H/X})}.$$

*G* ~*H/X*~ is the membrane conductance for H^+^/*X* symport and is proportional to the expression level and the activity of the transporter. For *E* ~*H/X*~, we set *n* ~*x*~ = 1 for the transport of uncharged substrates and *n* ~*x*~ = 2 for dihydrogen phosphate and nitrate transporters.

### SWEETs {#nph15646-sec-0006}

Sugar flux through SWEET channels was modelled as a diffusion process: $$J_{SWEET} = \text{Diff}_{SWEET} \cdot {({\lbrack C\rbrack}_{{cyt}^{plant}} - {\lbrack C\rbrack}_{apo})}.$$

Diff~SWEET~ is the SWEET‐mediated permeability of the membrane and is proportional to the expression level and the activity of SWEETs. \[*C*\]~cyt~ ^plant^ and \[*C*\]~apo~ denote the sugar concentration in the plant cytosol and the apoplast, respectively.

### NH~4~ ^+^ permeases {#nph15646-sec-0007}

Ammonium transport through NH~4~ ^+^ channels was approximated by a linear function (first‐order Taylor approximation): $$I_{{NH}_{4}^{+}} = G_{{NH}_{4}^{+}} \cdot {(V_{m} - E_{{NH}_{4}^{+}})},$$with the membrane conductance for NH~4~ ^+^, $G_{{NH}_{4}^{+}}$, which is proportional to the expression level and activity of the permease, and the Nernst equilibrium voltage for ammonium, $E_{{NH}_{4}^{+}}$, which depends on the cytosolic and apoplastic ammonium concentrations \[NH~4~ ^+^\]~cyt~ and \[NH~4~ ^+^\]~apo~, respectively: $$E_{{NH}_{4}^{+}} = \frac{\mathit{RT}}{F} \cdot \log_{e}\frac{{\lbrack\text{NH}_{4}^{+}\rbrack}_{apo}}{{\lbrack\text{NH}_{4}^{+}\rbrack}_{cyt}}.$$

### NH~3~ permeases {#nph15646-sec-0008}

Ammonia transport through NH~3~ channels was modelled as a diffusion process, which depends on the concentration difference of \[NH~3~\] between both sides of the membrane. Because, even at pH 7, \> 99% of ammonia/ammonium exists in the form of NH~4~ ^+^: $${\lbrack\text{NH}_{3}\rbrack} = 10^{({pH} - 9.25)} \cdot {\lbrack\text{NH}_{4}^{+}\rbrack},$$it is useful to express the \[NH~3~\] difference as a pH‐dependent \[NH~4~ ^+^\] difference: $$J_{{NH}_{3}} = \text{Diff}_{{NH}_{3}} \cdot {({\lbrack\text{NH}_{3}\rbrack}_{cyt} - {\lbrack\text{NH}_{3}\rbrack}_{apo})} = D_{{NH}_{3}} \cdot {(10^{{pH}_{cyt}} \cdot {\lbrack\text{NH}_{4}^{+}\rbrack}_{cyt} - 10^{{pH}_{apo}} \cdot {\lbrack\text{NH}_{4}^{+}\rbrack}_{apo})},$$with the cytosolic and apoplastic ammonium and ammonia concentrations \[NH~4~ ^+^\]~cyt~, \[NH~4~ ^+^\]~apo~, \[NH~3~\]~cyt~ and \[NH~3~\]~apo~, respectively. The membrane permeability $D_{{NH}_{3}} = 10^{- 9.25} \cdot \text{Diff}_{{NH}_{3}}$ is proportional to the expression level and activity of the NH~3~ channel.

### Anion channels {#nph15646-sec-0009}

Anion transport through anion channels was approximated by a linear function (first‐order Taylor approximation): $$I_{A^{-}} = G_{A^{-}} \cdot {(V_{m} - E_{A^{-}})},$$with the membrane conductance for *A* ^−^, $G_{A^{-}}$, which is proportional to the expression level and activity of the channel, and the Nernst equilibrium voltage for the anion, $E_{A^{-}}$, which depends on the valence, *z* ~*A‐*~, and the cytosolic and apoplastic concentrations of the anion *A* ^−^, \[*A* ^−^\]~cyt~ and \[*A* ^--^\]~apo~, respectively: $$E_{A^{-}} = \frac{\mathit{RT}}{z_{A^{-}} \cdot F} \cdot \log_{e}\frac{{\lbrack A^{-}\rbrack}_{apo}}{{\lbrack A^{-}\rbrack}_{cyt}}.$$

It should be noted that the parameters *G* ~*H/X*~, Diff~SWEET~, $G_{{NH}_{4}^{+}}$, $G_{{NH}_{3}}$ and $G_{A^{-}}$ are in fact composite parameters, which are not only proportional to the expression level of the respective transporter, but usually dependent in a complex manner on a variety of environmental parameters, including the membrane voltage, concentration of the transported substrate (*K* ~m~ value) or kinase‐ and phosphatase‐dependent regulatory cascades. To cover all this complexity, we focused in our modelling approach on the fluxes in equilibrium and screened the composite parameters *G* ~*H/X*~, Diff~SWEET~, $G_{{NH}_{4}^{+}}$, $D_{{NH}_{3}}$ and $G_{A^{-}}$ in the entire reasonable parameter interval (0\|∞). With this precaution, any possible regulation of these composite parameters was implicitly considered (for further explanations, see also Methods [S1](#nph15646-sup-0001){ref-type="supplementary-material"}). To dissect the dependence of a composite parameter on an environmental parameter, the obtained results need to be interpreted appropriately, for example, as for the sugar transfer from the plant *Zea mays* to the parasitic fungus *Ustilago maydis* (Wittek *et al*., [2017](#nph15646-bib-0050){ref-type="ref"}).

Results {#nph15646-sec-0010}
=======

In this study, we asked which transporter types might perform best in the nutrient exchange in AM symbiosis. To avoid missing a transporter type, we approached this question in a general, unbiased manner and used a process of elimination. Considering that a nutrient can either be taken up or released and that, based on the electrogenic nature of membrane transport, each transmembrane transport process can be classified into three categories ((1) transport of a nutrient molecule together with a positive charge; (2) transport without transmembrane net charge movement; and (3) transport together with a negative charge), we modelled six (2 × 3) hypothetical '*what‐if*' cases.

Cases 1--3: nutrient uptake {#nph15646-sec-0011}
---------------------------

In AM symbiosis, both plant and fungus employ H^+^‐ATPases to energize uptake processes. Therefore, the prevailing membrane voltage at their plasma membranes is negative (i.e. the electric potential on the inside is negative with respect to the outside). A transport process without transmembrane net charge movement could not benefit from this electrical energy. The uptake of nutrients together with a negative charge, such as the direct influx of phosphate, would be against this electrical gradient. By contrast, the transmembrane electrical gradient established by the H^+^‐ATPase strongly favours nutrient uptake together with a positive charge (as illustrated in the minimal network in Fig. [1](#nph15646-fig-0001){ref-type="fig"}; Schott *et al*., [2016](#nph15646-bib-0043){ref-type="ref"}). Therefore, it is not surprising that plants and fungi employ either cation channels (e.g. NH~4~ ^+^ permeases or K^+^ channels) or proton‐coupled symporters (with stoichiometries that guarantee a positive net charge transport) for nutrient acquisition.

Case 4: nutrient release together with a negative charge {#nph15646-sec-0012}
--------------------------------------------------------

Here, we considered the hypothetical scenario that the fungus exports phosphate ions not only via a proton‐coupled phosphate transporter, but also via a phosphate‐permeable anion channel (Fig. [2](#nph15646-fig-0002){ref-type="fig"}a). We started our computational simulation with inactive anion channels (relative anion channel conductance = 0) and repeated the simulations with increased conductance levels. Without any anion channel activity, there was a constant flux of phosphate via the H/P symporters from the fungus to the plant (Fig. [2](#nph15646-fig-0002){ref-type="fig"}b, white square), accompanied by a constant flow of the C source (e.g. sugar) in the opposite direction (Fig. [2](#nph15646-fig-0002){ref-type="fig"}b, black dot).

![Hypothetical scenarios for the efflux of negatively charged nutrients via anion channels. (a--c) Additional phosphate efflux from the fungus via phosphate‐permeable anion channels. (a) The minimal model was enlarged by a phosphate‐permeable anion channel. (b) Dependence of the carbon (C) (green, H/C flux) and phosphorus (P) (dark and bright purple line, channel & H/P flux) fluxes across the fungal membrane on the conductance of the anion channel (rel. AC cond.). A positive value denotes an influx from the apoplast to the fungus, whereas a negative value reflects an efflux. The phosphate flux indicates the sum of the fluxes through the H/P symporter and anion channel. (c) Separate display of the phosphate flux through the H/P transporter (bright purple, H/P flux) and the anion channel (dark purple, channel flux). Please note that the coexistence of an anion channel and an H/P transporter establishes a futile cycle of phosphate at the fungal membrane. (d--f) Comparison of models containing only anion channels (e) or H/P transporters (f). (e) Dependence of the C (green, H/C flux) and P (dark purple, anion channel flux) fluxes across the fungal membrane on the conductance of the anion channel. (f) Dependence of the C (green, H/C flux) and P (bright purple, H/P flux) fluxes across the fungal membrane on the conductance of the H/P transporter. Note that, in (e), the H/C flux decays with increasing phosphate transporter conductance, whereas, in (f), it increases. The dotted lines indicate the H/C flux values in the absence of any phosphate transporter activity. The black dots and white squares in (b), (c) and (f) indicate the standard conditions of the reference model (Fig. [1](#nph15646-fig-0001){ref-type="fig"}). The '+' (in a and d) indicates that transport of the nutrient is accompanied by the transport of a positive charge and '−' indicates that it is accompanied by the transport of a negative charge across the membrane.](NPH-222-1043-g002){#nph15646-fig-0002}

With increasing channel conductance, the net flux of phosphate from the fungus to the apoplast and from the apoplast to the plant increased (Fig. [2](#nph15646-fig-0002){ref-type="fig"}b, dashed dark and bright purple line, channel & H/P flux), indicating that a phosphate‐permeable anion channel was indeed well suited for the release of phosphate from the fungus. Of course, the plant benefited from this increased P flux; the fungus, however, did not share this benefit. By contrast, the C flux from the plant to the fungus via the apoplast decreased with increasing channel activity (Fig. [2](#nph15646-fig-0002){ref-type="fig"}b, green, H/C flux). At a certain conductance level, the C flux was zero and even negative at higher activities, which means that the C flux direction was inverted; the fungus thus exported both P and C. Moreover, the coexistence of anion channels with proton‐coupled H/P transporters generated a futile cycling of phosphate (Britto & Kronzucker, [2006](#nph15646-bib-0007){ref-type="ref"}). Although the H/P transporter initially functioned as a phosphate exporter, it converted into an importer with increasing channel conductance (Fig. [2](#nph15646-fig-0002){ref-type="fig"}c, bright purple, H/P flux). The increasing phosphate efflux via the anion channel increased the apoplastic phosphate concentration, which, in turn, affected the operation mode of the proton‐coupled phosphate transporter. Above a certain phosphate concentration -- the exact value was dependent on the membrane voltage, the pH gradient and the cytosolic phosphate concentration -- the inward‐directed electrochemical proton gradient overcompensated the outward‐directed phosphate gradient and drove phosphate uptake. Thus, the fungus had to constantly invest additional energy via the H^+^‐ATPase to fuel the re‐uptake of phosphate. Therefore, the coexistence of H/P transporters and phosphate‐permeable anion channels in the fungal plasma membrane did not benefit the fungus.

Consequently, we explored a second scenario in which the anion channel was not added to the proton‐coupled H/P transporter, but replaced it, and compared this network with the benchmark model with the H/P symporter (Fig. [2](#nph15646-fig-0002){ref-type="fig"}d). Also, in this scenario, the anion channel worked well for phosphate release. The side‐effects, however, were similar to those reported for the first scenario. The fungus did not benefit from an increased phosphate release, but instead received less C from the plant (Fig. [2](#nph15646-fig-0002){ref-type="fig"}e, green, H/C flux, Fig. [S1d--f](#nph15646-sup-0001){ref-type="supplementary-material"}). Thus, there was no reward for the fungus, but rather a penalty, if it provided phosphate via an anion channel (further details are provided in Fig. [S1](#nph15646-sup-0001){ref-type="supplementary-material"}). By contrast, if the fungus provided phosphate via a proton‐coupled H/P symporter, it benefited from a higher C flux from the plant when the phosphate release was increased (Fig. [2](#nph15646-fig-0002){ref-type="fig"}f).

The fundamental reason why an anion channel was not well suited in a nutrient trade was the charge of the transported substrate. For each phosphate molecule that was released via the anion channel, a negative charge was transported across the membrane. The efflux of a negative charge depolarized the membrane and dissipated the electric gradient established by the H^+^‐ATPase, whereas the efflux of a positive charge -- as in the reference network (Figs [1](#nph15646-fig-0001){ref-type="fig"}, [2](#nph15646-fig-0002){ref-type="fig"}f, [S1a--c](#nph15646-sup-0001){ref-type="supplementary-material"}) -- further strengthened this gradient (Dreyer *et al*., [2017](#nph15646-bib-0013){ref-type="ref"}). In steady‐state conditions, such as those considered here, the efflux of phosphate via H/P transporters across the fungal membrane was accompanied by the export of a positive charge. This supported the proton pump and provided an additional energy source for the inverse H/C flux. If, by contrast, phosphate was released via anion channels, this support was absent. Instead, another positive charge needed to be released (e.g. by pumping an additional proton out of the cell or by releasing K^+^) to maintain charge neutrality.

The results obtained for a hypothetical phosphate‐permeable anion channel at the fungal membrane can be generalized. It can be translated one‐to‐one to all scenarios, in which the fungus or the plant releases a nutrient together with a negative charge. One example might be the hypothetical release of C from the plant in the form of negatively charged organic acids via anion channels of the ALMT type. In this case, one can similarly conclude that it is not for the benefit of the plant to express such types of channel in the membrane facing the peri‐arbuscular space. Because of the negative charge net transport from the cytosol to the apoplast, the plant would compromise the desired uptake of phosphate (for further discussion, see also Notes [S1](#nph15646-sup-0001){ref-type="supplementary-material"}).

Case 5: nutrient release without transmembrane net charge movement {#nph15646-sec-0013}
------------------------------------------------------------------

In this case, we tested the efflux of a C source from the plant by diffusion facilitators. We considered here sugar channels of the SWEET type (Chen *et al*., [2010](#nph15646-bib-0009){ref-type="ref"}) as an example (Figs [3](#nph15646-fig-0003){ref-type="fig"}, [S2](#nph15646-sup-0001){ref-type="supplementary-material"}). The case of Fig. [3](#nph15646-fig-0003){ref-type="fig"} would also cover scenarios in which, for instance, fatty acids are released by other electroneutral transport processes (Zhang *et al*., [2010](#nph15646-bib-0053){ref-type="ref"}; Gutjahr *et al*., [2012](#nph15646-bib-0021){ref-type="ref"}; Bravo *et al*., [2016](#nph15646-bib-0006){ref-type="ref"}; Li *et al*., [2016](#nph15646-bib-0031){ref-type="ref"}; Jiang *et al*., [2017](#nph15646-bib-0025){ref-type="ref"}; Keymer *et al*., [2017](#nph15646-bib-0027){ref-type="ref"}; Luginbuehl *et al*., [2017](#nph15646-bib-0033){ref-type="ref"}).

![Hypothetical scenario for the electroneutral efflux of nutrients. (a) Compared with the minimal model (Fig. [1](#nph15646-fig-0001){ref-type="fig"}), the proton‐coupled H/C transporter was replaced by a SWEET diffusion facilitator. (b, c) Only SWEET, no plant H/C activity. (d, e) Only H/C, no SWEET activity. (b, d) Dependence of the carbon (C, green) and phosphorus (P, purple) fluxes on the permeability/conductance of the respective C transporter. (c, e) Dependence of the relative C/P (black) and background ion (ATP)/P (grey) exchange rates of the plant on the permeability/conductance of the respective C transporter. The large coloured arrows in (a) indicate the prevalent fluxes across the plant plasma membrane in arbuscular mycorrhizal (AM) symbiosis. The '+' indicates that transport of the nutrient is accompanied by the transport of a positive charge across the membrane and '0' that transport of the nutrient is electroneutral.](NPH-222-1043-g003){#nph15646-fig-0003}

First, we extended the reference model (Fig. [1](#nph15646-fig-0001){ref-type="fig"}) with SWEETs (Fig. [S2](#nph15646-sup-0001){ref-type="supplementary-material"}). This established a futile cycle of C efflux via SWEET and H^+^‐ATPase‐driven C influx via the H/C transporter (Fig. [S2](#nph15646-sup-0001){ref-type="supplementary-material"}). The futile cycle, however, was not as severe as that shown in Fig. [2](#nph15646-fig-0002){ref-type="fig"}(a--c), because it affected mainly the energy status of the plant. There was no reduction in P uptake; instead, the P uptake was uncoupled from the C supply in a manner in which an increase in provided C did not result in increased P acquisition. Thus, the presence of both SWEETs and H/C transporters was not optimal in terms of energy and C use efficiency (Fig. [S2](#nph15646-sup-0001){ref-type="supplementary-material"}).

We eliminated the futile cycle and replaced the plant H/C symporter by SWEET (Fig. [3](#nph15646-fig-0003){ref-type="fig"}). The performance of this model was compared with the reference network (Fig. [1](#nph15646-fig-0001){ref-type="fig"}). Interestingly, both scenarios were suited for a P/C trade between plant and fungus. With increasing plant sugar transporter permeability (SWEET) or conductance (H/C), the flux of sugars from the plant to the fungus, as well as the flux of phosphate in the opposite direction, increased (Fig. [3](#nph15646-fig-0003){ref-type="fig"}b,d). It further turned out that up to eightfold more sugar could be shuttled from the plant to the fungus with SWEET than with the H/C transporter. However, in return, the plant received just up to 2.6‐fold more phosphate. Thus, with increasing SWEET permeability, the plant had to provide more C for one P molecule, whereas the background ion flux per P remained stable (Fig. [3](#nph15646-fig-0003){ref-type="fig"}c). Background ions were either H^+^ or K^+,^ and can be regarded as a measure of hydrolysed ATP (for further details, see Notes [S2](#nph15646-sup-0001){ref-type="supplementary-material"}).

Also, in the compared scenario, the plant had to provide more C for one P molecule with increasing H/C conductance. However, the amount of released background ions (equivalent to hydrolysed ATP) decreased in a comparable manner (Fig. [3](#nph15646-fig-0003){ref-type="fig"}e). Thus, the transport of a positive charge (H/C) instead of no charge transport (SWEET) was favourable with respect to ATP consumption. If, however, C and energy metabolism were not limiting factors for the plant, this energetic disadvantage was overcompensated by the advantage of higher P transfer.

In another example of the fifth '*what‐if*' case of electroneutral nutrient release, we considered the transport of an N source via ammonia permeases. Diffusion facilitators of this type recruit NH~4~ ^+^, catalyse the deprotonation to NH~3~ and allow the passage of this uncharged molecule to the other membrane side, where it regains its proton from the solution of the new compartment, with the proton from the deprotonation process remaining in the original compartment (Guether *et al*., [2009](#nph15646-bib-0020){ref-type="ref"}). Thus, there is no charge transport across the membrane. The driving force for NH~3~ transport through ammonia permeases was provided by the NH~3~ gradient, which was strongly dependent on the pH difference across the membrane. Because the (de)protonation reaction NH~4~ ^+^ ⇄ NH~3~ has a p*K*a ≈ 9.25, the free NH~3~ concentration dropped in acidic conditions, which, in turn, created a strong driving force from the less acidic to the more acidic compartment. Such an acid‐trapping mechanism (Wood *et al*., [2006](#nph15646-bib-0051){ref-type="ref"}) would be suitable for the release of ammonium from the fungus to the peri‐arbuscular space and would allow ammonium release even if the apoplastic ammonium concentration exceeded the cytosolic one (Fig. [S3](#nph15646-sup-0001){ref-type="supplementary-material"}). This release, however, would be inert towards the P/C trade between plant and fungus, which means that the fungus would not benefit from the N source supply.

Case 6: nutrient release together with a positive charge {#nph15646-sec-0014}
--------------------------------------------------------

If we now consider the release of NH~4~ ^+^ as a positively charged ion, the fungus could harvest the battery effect (Gajdanowicz *et al*., [2011](#nph15646-bib-0017){ref-type="ref"}; Sandmann *et al*., [2011](#nph15646-bib-0042){ref-type="ref"}; Notes [S2](#nph15646-sup-0001){ref-type="supplementary-material"}). Thus, from an energetic point of view with respect to the N/P/C trade, the release of charged ammonium via NH~4~ ^+^ channels has strong advantages for the fungus. Indeed, in AM symbiosis, NH~4~ ^+^ is thought to be the most common N form transferred from the fungus to the plant (Govindarajulu *et al*., [2005](#nph15646-bib-0019){ref-type="ref"}; Jin *et al*., [2005](#nph15646-bib-0026){ref-type="ref"}). Therefore, we enlarged the minimal model by one transporter type (NH~4~ ^+^ channel) in both membranes (Fig. [4](#nph15646-fig-0004){ref-type="fig"}). The conclusions, however, would also hold true for other N sources, such as peptides, amino acids or nitrate for instance, as long as they are transported together with a positive charge (e.g. via H/AA symporters or 2H/NO~3~ ^−^ symporters). We started the simulation of the network with equal concentrations of the transported N source in the plant and fungal cytosol (rel. \[N\]~plant~ = rel. \[N\]~fungus~ = 1). Under this condition, the enlarged network behaved in an identical manner to the minimal network without N transporter (Fig. [1](#nph15646-fig-0001){ref-type="fig"}). There was a constant flux of phosphate via the H/P symporters from the fungus to the plant (Fig. [4](#nph15646-fig-0004){ref-type="fig"}b,c, white squares), accompanied by a constant flow of the C source in the opposite direction (Fig. [4](#nph15646-fig-0004){ref-type="fig"}b,c, black dots). If the N concentration in the fungal cytosol was increased, there was an N flux from the fungus to the plant and the H/C flux was further stimulated, whereas the H/P flux decreased (Fig. [4](#nph15646-fig-0004){ref-type="fig"}b). The same phenomenon was observed if the N concentration in the plant was decreased (Fig. [4](#nph15646-fig-0004){ref-type="fig"}c). The fluxes did not depend on the absolute concentrations in the plant and the fungus, but only on the gradients between the organisms (Fig. [S4a](#nph15646-sup-0001){ref-type="supplementary-material"}). If both partners had the same concentration of the N source, there was no N flux. More of the N source in the fungal cytosol (Fig. [4](#nph15646-fig-0004){ref-type="fig"}b) could be considered as a higher supply, whereas less of the N source in the plant (Fig. [4](#nph15646-fig-0004){ref-type="fig"}c) represented a higher demand.

![Hypothetical scenario for the efflux of nutrients together with a positive charge. (a) Nitrogen (N) could be shuttled across the fungal plasma membrane together with the transport of a positive charge as NH ~4~ ^+^ via ammonium permeases (channel) and then transported across the plant plasma membrane together with a positive charge. The large coloured arrows indicate the prevalent fluxes in arbuscular mycorrhizal (AM) symbiosis. A '+' indicates that transport of the nutrient is accompanied by the transport of a positive charge across the membrane. (b) Dependence of the carbon (C) (green, H/C flux), phosphorus (P) (purple, H/P flux) and N (yellow, N flux) fluxes on an increase in the relative concentration of the transported N source in the fungal cytosol. (c) Dependence of the C (green, H/C flux), P (purple, H/P flux) and N (yellow, N flux) fluxes on a decrease in the relative concentration of the transported N source in the plant cytosol. In the reference condition (rel. \[N\]~fungus~ = 1, black dots and white squares), the concentrations of the N source are identical in the plant and in the fungus (e.g. \[N\] = 0.5 mM). In the simulation examples shown, \[P\]~fungus~ : \[P\]~plant~ = 2 and \[C\]~plant~ : \[C\]~fungus~ = 2.](NPH-222-1043-g004){#nph15646-fig-0004}

It was noteworthy that an increase in the N flux was accompanied by a decrease in the P flux, and vice versa (Fig. [S4a,b](#nph15646-sup-0001){ref-type="supplementary-material"}). This opposite trend resulted from the electric coupling of the N and P transport processes. An increased N flux from the fungus to the plant was accompanied by a larger efflux of positive charges across the fungal membrane and a larger influx of positive charges across the plant membrane. These N‐associated charge fluxes weakened the electrical component of the driving forces for P transport at both membranes. A reciprocal effect was observable if the P flux was stimulated (Fig. [S4b](#nph15646-sup-0001){ref-type="supplementary-material"}). In this case, the P‐associated charge fluxes exerted a negative influence on the electrical component of the driving forces for N transport.

In conclusion, the release of a nutrient together with the transport of a positive charge (Fig. [4](#nph15646-fig-0004){ref-type="fig"}) was beneficial for the releasing organism, because it partially relieved the dependence of nutrient uptake processes on the H^+^‐ATPase. With respect to the N exchange in AM symbiosis, the most straightforward N transfer is the electrogenic release of NH~4~ ^+^ by the fungus and the electrogenic uptake of NH~4~ ^+^ by the plant. However, in emergency cases, when the cytosolic ammonium concentration approaches toxic levels, the release of NH~3~ with subsequent acid trapping in the peri‐arbuscular space would also make sense for both organisms (Coskun *et al*., [2013](#nph15646-bib-0010){ref-type="ref"}; Fig. [S3](#nph15646-sup-0001){ref-type="supplementary-material"}).

Discussion {#nph15646-sec-0015}
==========

In this study, we have examined the nutrient exchange in AM symbiosis from a thermodynamic point of view and treated the problem without preconceptions. We played blind with regard to knowledge on the identity of transporter proteins, except that the uptake of the nutrients is energized by H^+^‐ATPases in both plant and fungus. As an outcome, we obtained a comprehensive view on the dynamic potential of nutrient exchange in AM symbiosis that rests on the grounds of first principle thermodynamics, and deduced a general transporter network for an optimal P/N/C exchange (Fig. [5](#nph15646-fig-0005){ref-type="fig"}). Interestingly, this general network looks similar to the minimal network proposed previously for the P/C trade (Schott *et al*., [2016](#nph15646-bib-0043){ref-type="ref"}). Indeed, if we model P and N as one combined commodity, the results presented previously for the P/C exchange would be (from a technical/mathematical/computational point of view) identical for a (PN)/C trade. Thinking one step further, even more nutrients could be accommodated in the different commodities without losing the principle dynamic features. In this context, it should be noted that the physiological interpretation of the simulation results becomes more complex as more entities are considered. Of course, the fate of the different nutrients (e.g. P and N) in subsequent metabolism is very different. However, before being metabolized, all nutrients need to pass the bottleneck of the two‐membrane system at the plant--fungus interface, and there they share the same transport restrictions elaborated in this study.

![A thermodynamically optimized model for the nitrogen (N)/phosphorus (P)/carbon (C) exchange in arbuscular mycorrhizal (AM) symbiosis. In principle, the different nutrients are transported together with a positive charge across the membrane. However, in particular cases, they can also be shuttled in an electroneutral form. Ammonia channels can release NH ~3~, SWEETs can release sugars and ABC transporters are putatively involved in exporting fatty acids (probably in an electroneutral way).](NPH-222-1043-g005){#nph15646-fig-0005}

Features of the transporter network fit to plant metabolism {#nph15646-sec-0016}
-----------------------------------------------------------

The question 'How harmonious are AM symbioses?' is still widely discussed (Smith & Smith, [2015](#nph15646-bib-0045){ref-type="ref"}), and each experiment approaches this topic from a different perspective. A reasonable and rather successful concept describes AM symbiosis as a biological market (Kiers *et al*., [2011](#nph15646-bib-0028){ref-type="ref"}; Hammerstein & Noë, [2016](#nph15646-bib-0022){ref-type="ref"}; Noë & Kiers, [2018](#nph15646-bib-0037){ref-type="ref"}). In this context, our model now explains the thermodynamic basis of the underlying market forces. If we consider the transporter network for each partner separately, each subnetwork would perfectly serve for P, N and C accumulation (except SWEET). Thus, in principle, plant and fungus might be considered to compete with each other for the same resources, in particular P and N. This competitive predisposition, together with the different availability of the traded goods (the plant has better access to C, the fungus has better access to N and P), has self‐organizing features and stabilizes a robust cooperation. Apparently, these features are further amplified by the metabolism of the plant. Both N and phosphate starvation hamper amino acid and nucleic acid metabolism, and result in increased sucrose levels (Weber *et al*., [1998](#nph15646-bib-0049){ref-type="ref"}; Rouached *et al*., [2010](#nph15646-bib-0041){ref-type="ref"}). An increased sucrose level in cells colonized with AM fungi in turn stimulates the nutrient exchange and results in an increased P and N transfer to the plant (Fig. [S4c,d](#nph15646-sup-0001){ref-type="supplementary-material"}). Thus, the features of the predicted optimal transporter network fit to general plant metabolism.

Conclusions from the models {#nph15646-sec-0017}
---------------------------

It is important to note that the models presented here assume that neither plant nor fungus exhibits an altruistic behaviour. Instead, we postulate that both organisms are only interested in maximizing their gains for reasonable costs. Our approach concludes with a transporter network (Fig. [5](#nph15646-fig-0005){ref-type="fig"}) which is not in conflict with those that were sketched according to experimentally verified transporter expression data (Parniske, [2008](#nph15646-bib-0039){ref-type="ref"}; Bonfante & Genre, [2010](#nph15646-bib-0004){ref-type="ref"}; Smith & Smith, [2011](#nph15646-bib-0047){ref-type="ref"}; Behie & Bidochka, [2014](#nph15646-bib-0002){ref-type="ref"}; Wang *et al*., [2017](#nph15646-bib-0048){ref-type="ref"}; Chen *et al*., [2018](#nph15646-bib-0008){ref-type="ref"}). This fact validates our assumption and, moreover, our approach sheds light on the question marks that were still assigned to several transport pathways. Compared with those networks already described elsewhere, our model is based on a solid thermodynamic foundation.

It is still unknown and widely discussed how the fungus releases phosphate. Our model indicates that anion channels would indeed have been well suited for the release of phosphate, if 'release' was the sole purpose from a fungal viewpoint. However, when it comes to obtaining another nutrient in return for phosphate, the modelled '*what‐if*' scenarios provide strong arguments against the involvement of anion channels. Instead, they further substantiate the notion that phosphate is released by proton‐coupled phosphate transporters (Schott *et al*., [2016](#nph15646-bib-0043){ref-type="ref"}), which so far have been associated with phosphate uptake only. Meanwhile, this conclusion is also supported by experimental data. The proton‐coupled phosphate transporter GigmPT from the fungus *Gigaspora margarita* has been shown to be required for AM symbiosis (Xie *et al*., [2016](#nph15646-bib-0052){ref-type="ref"}). The finding that the silencing of GigmPT hampers the development of the fungus during symbiosis can be explained by a nutrient trade barrier, if the fungus cuts the phosphate supply (Schott *et al*., [2016](#nph15646-bib-0043){ref-type="ref"}). Likewise, the proton‐coupled phosphate transporter HcPT2 from the fungus *Hebeloma cylindrosporum* has been shown recently to be important for the unloading of radiolabelled ^32^Pi towards *Pinus pinaster* roots during this ectomycorrhizal association (Becquer *et al*., [2018](#nph15646-bib-0001){ref-type="ref"}).The model predicts the existence of nutrient status‐dependent regulations of the different transporters. For example, it has been proposed previously that the plant sugar transporters should be regulated in response to the plant\'s intracellular phosphate level (Schott *et al*., [2016](#nph15646-bib-0043){ref-type="ref"}). Indeed, different experimental evidence points to diverse nutrient status‐dependent regulation cascades (Roth & Paszkowski, [2017](#nph15646-bib-0040){ref-type="ref"}; Wang *et al*., [2017](#nph15646-bib-0048){ref-type="ref"}).Our analyses indicate that the release of C sources in an electroneutral manner, albeit not optimal in terms of energetics and C use efficiency, could be beneficial in terms of P acquisition. Interestingly, SWEETs involved in the export of sugars, and homologs of adenosine triphosphate‐binding cassette (ABC) transporters, putatively involved in the export of fatty acids, have been found to be essential for, or upregulated during, arbuscule formation (Zhang *et al*., [2010](#nph15646-bib-0053){ref-type="ref"}; Gutjahr *et al*., [2012](#nph15646-bib-0021){ref-type="ref"}; Manck‐Götzenberger & Requena, [2016](#nph15646-bib-0035){ref-type="ref"}). Such an upregulation of SWEET expression is not uncommon in plant--microbe interactions on infection (Bezrutczyk *et al*., [2018](#nph15646-bib-0003){ref-type="ref"}). Although the physiological reason for this reaction is still unclear, the upregulation of a set of C transporters might be considered as an evolutionary relict of plant defence reactions against intruders. In AM symbiosis, the sophisticated dynamics of the plant--fungus transporter network might have converted the initial defence reaction into a nutrient trade.

From symbiosis to parasitism {#nph15646-sec-0018}
----------------------------

A plant--fungus interaction does not always end up in a symbiotic partnership. Instead, while the same plant--fungus interaction may result in a symbiosis in one environmental condition, it may lead to a parasitic infection in another condition (Eaton *et al*., [2011](#nph15646-bib-0014){ref-type="ref"}; Nouri *et al*., [2014](#nph15646-bib-0038){ref-type="ref"}). Our models do not claim to comprehensively explain all aspects of this dualism. However, they could provide some further insights. As argued in Schott *et al*. ([2016](#nph15646-bib-0043){ref-type="ref"}) and also here, AM symbiosis might be considered as the result of two organisms competing for the same nutrient resources (mainly phosphate and N). The main driving force of nutrient uptake is provided by the activity of the plasma membrane H^+^‐ATPases. Schott *et al*. ([2016](#nph15646-bib-0043){ref-type="ref"}) have simulated modifications in this parameter and concluded that a mutual nutrient trade establishes only if both partners are equal in proton pumping activity, whereas partners with lower activity will be exploited.

The initial modelling approach of AM symbiosis was also applied to the infection of *Zea mays* by the parasitic fungus *Ustilago maydis* (Wittek *et al*., [2017](#nph15646-bib-0050){ref-type="ref"}). If the fungus reaches the phloem, a tissue with an extremely high sugar concentration, the symbiotic mechanism no longer works. The sugar gradient from the plant to the fungus cannot be compensated by any 'membrane‐biophysical effort' of the plant (e.g. increasing the pump activity). If the plant does not shield the infected tissue (e.g. by necrosis), it is doomed to nourish the fungus without any compensation.

Upscaling of the model -- from a single AM symbiosis to a complex symbiotic network {#nph15646-sec-0019}
-----------------------------------------------------------------------------------

Usually, individual roots can be colonized by many AM fungal taxa (Smith & Smith, [2011](#nph15646-bib-0047){ref-type="ref"}) and not only by one as in the presented models. Interestingly, although elaborated for one plant--fungus pair only, the model for nutrient exchange is not restricted to this simplified case. It could easily be extended to more complex symbiotic interactions. In this case, the model of Fig. [5](#nph15646-fig-0005){ref-type="fig"} must be considered as one module describing the interaction between two partners. For the description of a network of further partners, it is necessary to link many such individual modules in a larger network. Each of these modules would be governed by its own set of parameters. The different modules would share some of the parameters (e.g. concentrations or membrane voltages), which would result in several levels of coupling between them. An analysis of these more complex, higher order models goes beyond the scope of this article. In principle, however, it would be possible to also explain the transfer of nutrients from one fungus via the plant as intermediary to another fungus; or, if different hyphae of the same fungus colonize different plants, nutrient transfer between these plants might also be possible. The model (Fig. [5](#nph15646-fig-0005){ref-type="fig"}) also provides a fundamental basis for these scenarios.

It should also be noted that the considerations and conclusions presented here are not limited to the case of AM symbiosis. In principle, they are -- as a whole or in part -- applicable to any system in which two compartments/cells/organisms are separated by two adjacent membranes. Thus, the thermodynamic models can easily be adapted to parasitic fungus--plant interactions (Wittek *et al*., [2017](#nph15646-bib-0050){ref-type="ref"}) or generalized to other forms of mycorrhiza (Behie & Bidochka, [2014](#nph15646-bib-0002){ref-type="ref"}; Garcia *et al*., [2016](#nph15646-bib-0018){ref-type="ref"}; Field & Pressel, [2018](#nph15646-bib-0015){ref-type="ref"}; Nehls & Plassard, [2018](#nph15646-bib-0036){ref-type="ref"}).

Outlook {#nph15646-sec-0020}
-------

Although the modelling approach presented in this study provides a comprehensive, thermodynamically funded view on the dynamics of nutrient exchange at the membrane interface in AM symbiosis, it should be considered as a starting point. It opens the door for future studies, in which wet‐laboratory experiments can be combined with computational simulations to obtain a deeper understanding of the investigated phenomena to further improve and validate the modelling approach.
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